To explore the effect of neferine on angiotensin II (Ang II)-induced vascular smooth muscle cell (VSMC) proliferation. Methods: Human umbilical vein smooth muscle cells (HUVSMCs) were used. Cell proliferation was determined by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and flow cytometry analysis. Heme oxygenase (HO)-1 protein expression was tested by Western blot analysis. Extracellular signal-regulated protein kinase 1/2 (ERK1/2) activation was determined by using immunoblotting. Results: Pre-incubation of HUVSMCs with neferine (0.1, 0.5, 1.0, and 5.0 µmol/L) significantly inhibited Ang II-induced cell proliferation in a concentration-dependent manner and neferine 5.0 µmol/L increased HO-1 expression by 259% compared with control. The antiproliferative effect of neferine was significantly attenuated by coapplication of zinc protoporphyrin IX (ZnPP IX, an HO-1 inhibitor) with neferine. Ang II-enhanced ERK1/2 phosphorylation was markedly reversed by neferine. By inhibiting HO-1 activity with ZnPP IX, the inhibitive effect of neferine on ERK1/2 phosphorylation was significantly attenuated. Cobalt-protoporphyrin (CoPP), an HO-1 inducer, significantly decreased Ang II-induced ERK1/2 phosphorylation and inhibited Ang II-induced cell proliferation. The ERK1/2 pathway inhibitor PD98059 significantly blocked Ang II-enhanced ERK1/2 phosphorylation and inhibited cell proliferation. Conclusion: These findings suggest that neferine can inhibit Ang II-induced HUVSMC proliferation by upregulating HO-1, leading to the at least partial downregulation of ERK1/2 phosphorylation.
Introduction
The proliferation and migration of vascular smooth muscle cells (VSMCs) play a pivotal role in the pathogenesis of atherosclerosis and restenosis after angioplasty and possibly in the development of hypertension. A vital stimulus for VSMC proliferation is angiotensin II (Ang II), the main effector of the renin-angiotensin system. AT 1 , an Ang II receptor, mediates most of the physiological and pathophysiological actions of Ang II. Activation of AT 1 stimulates various signaling molecules, including protein kinase C, mitogen-activated protein kinase (MAPK), and tyrosine kinases [1, 2] . Moreover, activation of tyrosine kinases by Ang II also leads to the activation of MAPK and consequently promotes the growth response in VSMCs [3, 4] . Ang II is known to stimulate the activation of MAPKs, including extracellular signal-regulated protein kinase (ERK) 1/2, p38MAPK, and stress-activated protein kinase/c-Jun N-terminal kinase (JNK) in VSMCs. The ERK pathway is the best characterized in the MAPK pathways. Binding of Ang II to AT 1 activates ERK1/2 within 5 min [2] . Among the MAP kinase family, ERK1/2 has been implicated in the proliferation of various cell types [5] . Furthermore, Ang II-induced activation of ERK1/2 has also been implicated in hypertension and in micro-and macrovascular target-organ damage.
Heme oxygenase (HO) catalyzes heme degradation into carbon monoxide (CO), iron, and biliverdin. HO is a microsomal enzyme with an inducible isoform HO-1 and constitutive forms HO-2 and HO-3. All HO isoforms are inhibited by the metallo-protoporphyrins zinc protoporphyrin IX (ZnPP IX) and tin protoporphyrin IX (SnPP IX). HO is expressed in many types of cells, including VSMCs [6] . HO-1, also known as heat shock protein 32, is ubiquitously distributed and highly inducible by a variety of physiological and pathophysiological stimuli [7] . Accumulated evidence indicates that HO-1 offers protection against many vascular disorders. Increased HO-1 expression reduces intimal thickening after arterial injury and attenuates atherosclerosis in apolipoprotein E deficient mice [8] . Moreover, increased activity of HO-1 inhibits proliferation of VSMCs [9] [10] [11] . Interestingly, it has recently been reported that HO-1 inhibits the proliferation of pancreatic stellate cells by repression of the ERK1/2 pathway [12] . Many traditional Chinese medicines used for treating cardiovascular disorders are very effective. Among the complex chemical ingredients of traditional Chinese medicines, there usually is a major ingredient that can be useful for the treatment of cardiovascular disorders; these ingredients provide an obvious starting point for the development of new drugs for the treatment of cardiovascular disorders, as well as for defining new pathways involved in the pathogenesis of cardiovascular diseases. Neferine (Nef), a major biologically active compound, is extracted from the green seed embryo of Nelumbo nucifera Gaertn. Neferine is a bis-benzylisoquinoline alkaloid, and its chemical structure is shown in Figure 1 . A wide range of biological and pharmacological actions of neferine have been investigated [13, 14] . It has been proposed that neferine can prevent foam cell formation by inhibiting the oxygenation of very low density lipoprotein and platelet aggregation [15, 16] . Moreover, neferine can protect vascular endothelial cells from damage induced by oxygen free radicals. In addition, neferine is effective in preventing the onset of reentrant ventricular tachyarrhythmias [17] . These findings indicate that neferine has protective effects on the cardiovascular system. However, the effect of neferine on VSMC proliferation, the key event in the pathogenesis of atherosclerosis and restenosis, has remained unclear.
The aim of this study was to examine whether neferine would affect Ang-induced VSMC proliferation through HO-1 expression and to investigate the underlying signaling pathways.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM) with high glucose and fetal bovine serum (FBS) were purchased from Gibco BRL (Grand Island, NY, USA) and Hyclone, respectively. Proprep protein extract solution was purchased from Beyotime Institute of Biotechnology (Shanghai, China). The polyclonal anti-phospho-extracellular signal-regulated kinase (ERK)1/2 and anti-total-ERK1/2 rabbit antibodies were obtained from Cell Signaling Technology Inc. Polyclonal rabbit anti-HO-1 and monoclonal mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies were obtained from R&D Systems, Inc (Minneapolis, MN, USA). The mitogen/extracellular signal-regulated kinase (MEK) inhibitor PD98059 was supplied by Calbiochem (Bad Soden, Germany). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) was purchased from Sigma-Aldrich (St Louis, MO, USA). Ang II and Zinc Protoporphyin IX (Znpp IX) were purchased from Merck & Co, Inc (Whitehouse Station, NJ, USA). Cobalt-protoporphyrin (CoPP) was from Porphyrin Products (London, UK). Neferine was purchased from Phytomarker Ltd (Tianjin, China). The purity of Nef was greater than 99.8%.
Stock solutions of ZnPP IX and neferine were prepared in a small volume of 100% dimethyl sulfoxide (DMSO, equivalent to <1% of the final volume). Ang II was dissolved in methanol. The solution was filtered through a 0.22-μm membrane. Aliquots were stored at -20 °C in the dark. Further dilution was made with cell culture medium. All other reagents were purchased from Sigma-Aldrich.
Cell culture
The primary cell line of Human Umbilical Vein Smooth Muscle Cells (HUVSMC) was obtained from the Health Protection Agency (HPA) Culture Collections (UK). HUVSMCs were grown in DMEM supplemented with 10% heat-inactivated FBS. The cells were maintained at 37 °C in a 95% O 2 /5% CO 2 incubator. The medium was changed every 2 d. Cells were digested with 0.25% trypsin and 0.02% EDTA when the cell density reached 80% to 90%. HUVSMCs from 4 to 8 passages at 70%−90% confluence were used in 6-well cell culture dishes. HUVSMCs were incubated in serum-free medium for 24 h before the addition of experimental reagents.
Western blot analysis
HUVSMCs were plated on 6-well culture plates in 10% FBS/ DMEM and grown to 80% confluence. After 24 h of quiescence in serum-free medium, cells were treated as indicated. Total cell lysates were prepared by the addition of 100 μL of proprep protein extract solution. The protein concentration was quantified with a protein assay reagent from Bio-Rad (Hercules, CA, USA). Equal amounts of protein were mixed with sodium dodecyl sulfate (SDS) sample buffer and incubated for 5 min at 100 °C before loading. Total protein samples (40 μg) were subjected to 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) [18] for 2 h at 100 V. The separated proteins were electrophoretically transferred onto a PVDF membrane for 1 h at 30 mA. Membranes were blocked with 5% non-fat milk in phosphate buffered saline containing 0.05% Tween 20 (PBS-T) for 2 h at room temperature. Membranes were incubated with 800CW conjugated secondary antibodies. The IRDye 800CW activity was detected using a LI-COR Odyssey (LI-COR Biosciences, USA). For normalization, the total amount of GAPDH was detected. All results shown are representative of experiments with at least three different cell preparations.
Cell proliferation assay
Cell proliferation was analyzed using the MTT assay [19] . HUVSMCs were seeded on 96-well plates at a density of 0.6-1.0×10
4 cells per well in DMEM supplemented with 10% FBS. Serum-free DMEM was added to each well after 24 h and incubated for 24 h to synchronize cells to the resting stage. The supernatant was removed, and DMEM and 1% FBS containing Ang II, Nef, and ZnPP IX were added and co-cultured for 24 h. This was repeated five times for each concentration group. After treatments with Ang II, neferine and HO-1 inhibitor, 20 μL of 5 mg/mL MTT solution was added to each well and incubated for 4 h. The supernatants were aspirated, and the formazan crystals in each well were dissolved with 150 μL DMSO. Cell proliferation was assessed by measuring the absorbance at 490 nm using a microplate reader. The experiments were repeated three times.
Cell cycle analysis
Cell cycle status was analyzed with a FACScan flow cytometer (Becton Dickinson, San Diego, USA) by measuring fluorescence from cells stained with propidium iodide [20] . Data are presented as the relative fluorescence intensity of cell sub-populations in the 2-dimensional FACS profile or as the percentage of cells in a given sub-population. Cells were stained with 10 µg/mL propidium iodide (PI) solution and RNaseA (Santa Cruz Biotechnology) in PBS in the dark for at least 30 min at room temperature. At least 10 000 cells were analyzed in each sample. The percentages of cells in the different phases of the cell cycle were measured with a FACS flow cytometer and analyzed with ModFit 3.0 software.
Statistical analysis
Results are expressed as means±SEM for the indicated number of separate cell preparations per experimental protocol. Data were analyzed using one-way analysis of variance (ANOVA) followed by the Student Newman-Keuls post hoc Tukey test. Differences between groups were considered significant at P<0.05. Analyses were performed with the SPSS statistical software package (15.0).
Results
Neferine inhibited Ang II-induced proliferation of HUVSMCs First, HUVSMCs were cultured in medium supplemented with Ang II (0.001, 0.01, 0.1, and 1.0 µmol/L) for 24 h. As shown in Figure 2A , exposure of HUVSMC to Ang II resulted in a significant increase in the number of cells, with maximal levels at 0.1 µmol/L. Ang II at 0.1 µmol/L significantly increased proliferation by 51% compared with controls. Cytotoxicity was not observed at 0.1 µmol/L. Therefore, the 0.1 µmol/L concentration was selected for further studies. Compared to the control group, neferine (0.1, 0.5, 1.0, and 5.0 µmol/L) decreased cell proliferation in a concentration-dependent manner, reaching a maximal response at 5.0 µmol/L. HUVSMC proliferation was significantly inhibited by neferine (5 µmol/L) at 24 and 48 h, being 18% and 19% lower, respectively, than controls ( Figure  2B ). The concentrations used for neferine did not exhibit cytotoxic effects on cell viability; therefore, the 5.0 µmol/L concentration of neferine was used in the following studies. As shown in Figure 2C , proliferation of HUVSMC incubated with Ang II was significantly attenuated in the presence of neferine, suggesting that neferine has a potential antiproliferative effect on HUVSMC stimulated by Ang II. The antiproliferative effect of neferine was confirmed by cell cycle analysis. As described in Figure 2D , the rate of cells entering into mitosis can be estimated from the proliferation index. After 24 h of stimulation with Ang II, the percentage of G 2 /M cells increased from 14.42% to 25.33%. During the same time period in the presence of neferine (5.0 µmol/L), the rate of entry into mitosis of cells exposed to Ang II was reduced from 25.33% to 13.29%. The cell proliferation index refers to the percentage of cells in S phase and G 2 /M phase, and is a major indicator of proliferation of the cell population. After stimulation with Ang II, the proliferation index increased by 93% compared with controls, but in the presence of neferine (5 µmol/L), the proliferation index of cells exposed to Ang II was decreased to 85% of controls. ZnPP IX significantly abolished the inhibitory effect of neferine on the proliferation index. The change in the percentage of cells in S phase was in accordance with the above observation. Neferine arrested HUVSMCs at the G 0 /G 1 phase.
Neferine increased HO-1 protein expression in HUVSMC stimulated by Ang II The results shown in Figure 3A indicated that 5 µmol/L neferine significantly increased HO-1 expression by 259% compared with controls. The presence of Ang II alone significantly inhibited HO-1 expression by 44% compared with controls, whereas neferine increased Ang II-inhibited HO-1 expression by 125% in HUVSMCs ( Figure 3B ). Neferine not only remarkably induced the expression of HO-1 in a concentration-dependant manner when compared with controls, but also significantly increased the expression of HO-1 in cells inhibited by Ang II (Figure 3 ).
Neferine inhibited Ang II-induced HUVSMC proliferation through HO-1 Considering that neferine caused the up-regulation of HO-1 expression, whether neferine-induced HO-1 expression could facilitate its antiproliferative effect was tested. It was found that coapplication of neferine and ZnPP IX (10 µmol/L), a HO-1 activity inhibitor, had no significant effect on neferine upregulation of HO-1 expression in HUVSMCs treated with Ang II ( Figure 3B) ; however, as shown in Figure 2C , the inhibitory effect of neferine on Ang II-induced cell proliferation Neferine-induced HO-1 expression modulated ERK1/2 phosphorylation Ang II induced ERK1/2 phosphorylation in a time-dependent manner, reaching 296% of controls at the 120 min time-point ( Figure 5A ). The Ang II-enhanced ERK1/2 phosphorylation was markedly reversed by neferine ( Figure 5B ), which increased HO-1 expression in Ang II-stimulated cells (Figure 3B) . Neferine significantly reduced phosphorylation of ERK 1/2 induced by Ang II by 148%. The application of ZnPP IX significantly attenuated the inhibitory effect of neferine on ERK 1/2 phosphorylation ( Figure 5B ). Moreover, CoPP, a HO-1 inducer, significantly decreased Ang II-induced ERK1/2 phosphorylation, suggesting that up-regulation of HO-1 represses ERK1/2 phosphorylation caused by Ang II. Preincubation with CoPP (20 µmol/L) decreased Ang II-induced ERK1/2 phosphorylation by 74% in HUVSMCs, whereas ZnPP IX (10 µmol/L) increased it by 77%. Pre-incubation with PD98059 (20 µmol/L) also decreased Ang II-induced ERK1/2 phosphorylation by 52% in HUVSMCs. Moreover, PD98059 significantly inhibited ZnPP IX-induced ERK1/2 phosphorylation in HUVSMCs ( Figure 5C ).
ERK1/2 phosphorylation modulated Ang II-induced HUVSMC proliferation
Ang II increased ERK1/2 phosphorylation and proliferation in (Figure 5B, 2C) . Moreover, the ERK1/2 pathway inhibitor PD98059 significantly blocked Ang IIenhanced ERK1/2 phosphorylation and inhibited cell proliferation (Figure 4 , 5C), confirming involvement of the ERK1/2 pathway in the HUVSMC growth response to Ang II.
Discussion
The excessive growth of VSMCs is a crucial event in the development of cardiovascular diseases such as atherosclerosis and hypertension. Among many factors implicated in the proliferation of VSMCs, Ang II appears to be one of the most important [21] . Therefore, the question of how to inhibit the proliferation of VSMCs exposed to chronic or long-term stimulation with Ang II has been the subject of therapeutic strategies for treatment of these diseases. Our study investigated the effect of neferine on the proliferation of VSMCs stimulated by Ang II. In the present study, we demonstrated that neferine has an antiproliferative effect on Ang II-induced VSMCs. The present data extend our knowledge of the action of neferine on vascular cells.
To explore the mechanism underlying the antiproliferative effect of neferine, we determined HO-1 expression in HUVSMCs. Data from previous studies suggested that induction of HO-1 could inhibit cell growth [12, 22, 23] . VSMCs from HO-1-deficient mice display enhanced DNA synthesis and cell growth [24] . Conversely, over-expression of HO-1 by either transfection of the HO-1 gene or exogenous administration of a certain HO-1 inducer reduces excessive VSMC proliferation [25] . However, the effect of HO-1 on cell proliferation is highly variable and seems to be cell-type specific [8, [26] [27] [28] , raising an important question of whether the antiproliferative effect of neferine on VSMC could be mediated via HO-1 expression. To test this, the effects on both HO-1 expression and growth inhibition of neferine were determined with the same concentration of neferine used in the present study. We found that the inhibitory effect of neferine on Ang II-stimulated HUVSMC proliferation was associated with a profound up-regulation of HO-1 protein expression in these cells. We also found that the inhibition of HUVSMC proliferation by neferine was partially, but not completely, reversed in the presence of ZnPP IX, an inhibitor of heme oxygenase activity. Likewise, the HO-1 inducer CoPP significantly prevented cell proliferation caused by Ang II, indicating a direct involvement of HO-1 in the cell proliferation. Moreover, it is noteworthy that Ang II itself significantly reduced HO-1 expression; in contrast, neferine could significantly increase HO-1 expression in a concentrationdependent manner in HUVSMC. Thus, the above results demonstrated that the neferine-induced HO-1 expression might contribute, to a certain extent, to the antiproliferative effect of neferine on Ang II-stimulated HUVSMCs, which was in agreement with observations made in other cell lines [12, 23] . Therefore, it is reasonable to speculate that HO-1 may be a potential target of the antiproliferative activity of neferine.
Ang II can stimulate VSMC proliferation as a mitogen [29] . Gradually, different signal transduction cascades have been implicated in Ang II-mediated VSMCs proliferation and migration, such as MAPK [30] and PI3K/Akt [31, 32] . Early in 2001, EI Mabrouk et al demonstrated that ERK1/2 phosphorylation is dose dependently increased by Ang II in VSMCs from spontaneously hypertensive (SHR) and Wistar-Kyoto (WKY) rats, and the ERK1/2 inhibitor PD-98059 can block Ang IIinduced VSMC growth [21] . In VSMCs, Ang II type I receptorinduced ERK1/2 activation occurs via Ca 2+ and Src-dependent transactivation of the EGFR [33, 34] . Ang II can activate ERK1/2 by the Ras/PKCzeta/MEK pathway in VSMC [35] . Therefore, the mechanism of ERK1/2 activation by Ang II potentially involves multiple signaling pathways. In this study, we investigated the relationship between Ang II-induced VSMC proliferation and ERK1/2 activation specifically. The results of our study showed that Ang II increased phosphorylation of ERK1/2 and stimulated cellular proliferation; in contrast, the ERK inhibitor PD98095 blocked Ang II-induced ERK1/2 phosphorylation and significantly inhibited Ang II-induced HUVSMC proliferation, indicating that ERK1/2 activation works in parallel with HUVSMC proliferation. These results are in line with EI Mabrouk et al and are also supported by another study in which VSMC proliferation induced by PDGF was inhibited by corynoxeine through the blocking of ERK1/2 phosphorylation [21, 36] . Therefore, the present data confirm that activation of ERK1/2 plays an important part in HUVSMC proliferation induced by mitogens, such as Ang II.
Recently, Schwer et al observed that the curcumin-induced decrease in ERK1/2 phosphorylation was paralleled by HO-1 up-regulation and could be prevented by administration of the HO inhibitor SnPP [12] . In the present study, the results showed that neferine significantly reduced the Ang II-induced phosphorylation of ERK1/2 and cellular proliferation, and both effects could be attenuated in the presence of the HO inhibitor ZnPP IX. The ERK inhibitor PD98095 could also decrease Ang II-induced phosphorylation of ERK1/2 and inhibit cellular proliferation; more importantly, PD98095 prevented the increase in cell proliferation induced by ZnPP IX (Figure 4 ) and significantly reversed ZnPP IX-enhanced ERK 1/2 phosphorylation ( Figure 5C ), thus confirming that the effect of HO-1 on HUVSMC proliferation involved the ERK1/2 pathway. Our findings are similar to that of Schwer et al [12] , suggesting that HO-1 up-regulation suppresses the ERK1/2 signaling pathway. Based on the above data, our study reveals that neferine may act by at least partially up-regulating HO-1, leading to the down-regulation of ERK1/2 phosphorylation to inhibit Ang II-induced HUVSMC proliferation.
It has been reported that the up-regulation of the cyclindependent kinase inhibitor p21 WAF1/CIP1 is involved in the antiproliferative effect of HO-1 [25, 37] . CO is one of the products of heme degradation. The antiproliferative effect of YS 49 on VSMC is reversed by pretreatment with hemoglobin, a CO scavenger [38] . Cdk-2 is a key regulator of both G 1 and S phase cell progression. Duckers et al have demonstrated that CO induces the expression of the cdk-2 inhibitor p21 WAF1/CIP1 , suggesting that CO may block cdk-2 activity via multiple mechanisms to inhibit VSMC proliferation [8] . In addition, Ang II induces ROS production through the ERK1/2 pathway npg in VSMCs [39] . Oxidants, including ROS, are signals involved in the regulation of cell proliferation [40] . Results from Taille et al emphasize the concept that the antioxidant properties of the HO-bilirubin pathway are related not only to its ROS scavenging properties but also to the modulation of ROS production [27] . According to the above studies, although we have shown that HO-1 up-regulation by neferine participated in the inhibition of HUVSMC proliferation via suppression of ERK1/2 activation, we did not exclude the possibility that neferine may also induce the expression of other antiproliferative enzymes or that the effect of neferine may be achieved through the tightly regulated process of the multiple pathways that may be activated or inactivated by neferine. For example, HO-1 can act both as a sensor to and as a target of redox-based mechanisms involving nitric oxide (NO) in rat H9c2 cells [41] . NO plays a significant role in transmembrane signaling in the ischemic myocardium; it activates HO, which further stimulates the production of cGMP, presumably by CO signaling. Thus, NO not only potentiates cGMP-mediated intracellular signaling but also functions as a retrograde messenger for CO signaling in the heart [42] . In fact, we also found in this study that Ang II caused a significant decrease in the production of NO in HUVSMC; neferine had no significant effect on NO production in cells in the absence of Ang II, whereas neferine exhibited a significant up-regulating effect on the production of NO in cells in the presence of Ang II (data not shown). Ang II activates membrane NAD(P)H oxidases in VSMCs to produce ROS, which are involved in the pleiotropic effects of Ang II [2] . One of the most well established consequences of superoxide generated by Ang II is the inactivation of NO in VSMCs [43, 44] . Thus, it remains uncertain whether the antiproliferative action of neferine could also be mediated by increasing NO production or reducing ROS production.
In summary, we demonstrated that neferine is capable of inhibiting Ang II-induced HUVSMC proliferation. Therefore, neferine might be a promising pharmacological agent for the prevention and treatment of vascular obstructive diseases associated with excessive VSMC proliferation, such as hypertension and atherosclerosis.
